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The kinetics of the oxidation of neutralized ~lyoxylic and pyruvic acids by alkaline hexacyano-
ferrate(I1I) have been studied. Each reaction is first order with respect to both hexacyano-
ferrate(III) and the substrates. The order with respect to hydroxyl ion is less than one for the
oxidation of glyoxylate ion whereas pseudo-first order rate constant is directly proportional
to [OH-] for the oxidation of pyruvate ion. The reactions have been studied in the presence of
different catalysts. Tentative reaction mechanisms for these reactions have been suggested,
A REVIEW of literature shows that oxidationof ec-keto acids by alkaline hexacyanofer-rate (III) has not received attention though
oxidationt= of ec-keto acids with transition metal
ions like Mn2+, V6+, Ce4+, Ce6+ and halogenation="
of ec-keto acids have been reported. The present
paper, therefore, describes the kinetics of the oxi-
dation of glyoxylic and pyruvic acids by alkaline
hexacyanoferrate(III) .
Mate rials and Methods
All inorganic chemicals were of either BDH
(Analar) or E. Merck (GR) grades and used without
further purification. Glyoxylic acid [Fluka, AG) and
pyruvic acid (Sigma, Biochemical grade) were used.
A standard solution of hexacyanoferrate(III)
was prepared by accurate weighing and its actual
strength was checked by usual titration procedure.
Neutralized glyoxylic and pyruvic acids were always
used for studying the reactions. Doubly distilled
water was employed for preparing solutions.
Procedure - The rate of disappearance of hexa-
cyanoferrate(III) was followed spectrophotometri-
cally on a Beckman DU model spectrophotometer
by measuring optical density of the solution at 420
nm at which the oxidant showed maximum absorp-
tion. A cell of path length 1 em was used throughout.
The temperature of the spectrophotometer was
maintained constant by circulating water from a
thermostat through the thermospacer coils of the
cell compartment. The initiation of reaction was
carried out by mixing the requisite quantity of
substrate maintained at a constant temperature
into the solution of oxidant and alkali. Reactions
were carried out under pseudo-first order conditions,
namely, [substrateJ~[oxidant]. In mixtures con-
taining excess substrate, the disappearance of ferri-
cyanide followed first-order kinetics. The plots of
log COD] against time were linear. Pseudo-first
order constant was calculated from the slope of
each plot. The reproducibility was better than
*To whom all correspondence should be addressed.
± 3%. The rate of loss of oxidant was followed
up to 50% conversion of initial hexacyanoferrate(III).
Owing to high alkali concentrations, no buffer was
employed.
Results
Glyoxylic and pyruvic acids consumed 2·4 and
2'6 moles of oxidant per mole of acid respectively.
The .prod~cts 'Yere. oxalic acid !n the case of gly-
oxylic acid OXIdatIOn and oxalic and acetic acids
in the case of pyruvic acid oxidation.
Effect of varying reactant concentrations - The
order with respect to each reactant was determined
from the measurement of pseudo-first order rate
constant of each reaction by keeping the concen-
tration, in turn, fixed in one case and varying the
other. The effect of varying [ferricyanide] at
constant [substrate] and COHo] had no effect on
the first-order rate constants (Table 1). When
the concentration of each reducing substrate was
varied, the initial [hexacyanoferrate(III)] and
[alkali] concentrations were kept constant. The
values of first-order rate constants along with the
quotients, kl/[substrate] at various [substrates] have
been recorded in Table 2. The rates were pro-
portional to the concentrations of reducing sub-
strates.
TABLE 1 - EFFECT OF [FERRICYANIDE] ON
THE PSEUDO-FIRST ORDER RATE CONSTANTS
{(A) [Glyoxylate]=6'25x10-3M; [OH-]=l'OM; temp.= 4 c
(Bl [Pyruvatej=3'68x10-3M; [OH-]=0'30M; temp. =45 }
A B
[Fe(CN)~-] h x 10' [Fe(CN)n hI x 104
xl0'M (sec") x10'M (sec-t)
2·5 5'52 2·5 2·70
5·0 5·37 5·0 2'71
7·5 5-64 7·5 2·68
10·0 5·84 10·0 2·68
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TABLE 2 - EFFECT OF [SVBSTRATE] ON PSEUDO-
FIRST ORDER RATE CONSTA!'ITS
{(A) 0 [Fe(CN)-:1=5'OxlO-4M; [OH-]=4'OxlO-'M; temp.
=40;. (B) [Fe(CN)-:1=5'Ox 10-4M; [OH-]=I'Ox lO-'M'
temp. = 40°} ,
A
(Glyoxylate] X 103M
Ii, x 10' (see-')
Ii
--~.-- X 10-'[Glyoxylate]
(litre mole'? sec'")
5'00
2·35
0'470
5'62
2·71
0'482
6'25
3'11
0·497
6'87
3·33
0·487
B
[Pyruvate] x 103M
s, x 10' (see-I)
h, X 10-1
[Pyruvate]
(litre mole'? sec'<)
3·07
1·64
0·534
3'68
1·98
0·538
4·30
2·30
0·534
4·91
2·53
0'515
Effect of varying [OH-]- The effect of [OH-]
on the pseudo-first order rate constant have been
studied at constant reactant concentrations. The
ionic strength was maintained at 1·5M and 0'30M
for glyoxylic and pyruvic acids respectively by the
addition of sodium perchlorate. The order with
respect to hydroxyl ion is significantly less than
the one for the glyoxylate ion oxidation. The
plot of l/k1 against If.[OH-] was linear making
an intercept for this reaction. The pseudo-first
order rate constant for oxidation of pyruvic acid
was directly proportional to the [OH-]. The
quotients k1/[OH-] at various [OH-] are recorded
in Table 3.
Effect of some catalysts on the initial rate - The
effects of addition of some catalysts like Os(VIII),
Ir(IV) and Pt(IV) on the reactions have been studied.
Both Pt(IV) and Ir(IV) seem to be inactive catalysts
in the concentration ranges from 1·0 X 10-5-1.0 X
10-4M. The addition of same concentrations of
03(VIII), to the reaction mixture had strong catalytic
influence and the reactions were instantaneous at
the conditions at which reactions were carried out.
However, the addition of some concentrations of
03(VIII) at low [alkali] «1O-3M), the reactions
took place at measurable rate.
Influence of temperature and activation parameters
- The pseudo-first order rate constants have been
calculated at different temperatures and ksp at
different temperatures have been calculated from
the relation, ksp = k11[substrate]. The plots of
log k.p against liT were linear and from the slopes,
the heats of activation have been calculated and
found to be 13·0 ± 1·5 and 7·4 ± 0·8 kcal mcle! for
glyoxylate and pyruvate respectively. The corres-
ponding entropies of activation were -22·5 ± 4·5
and -40,9 ± 2·6 cal mole"! K-l.
Discussion
Speakman and Waters? suggested that ferricyanide
behaves as one-electron transfer reagent and since
the system involves one-electron transfer, it might
be considered to proceed by the reversible formation
-of free radical and ferrocyanide. However, the
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TABLE 3 - EFFECT OF [OH-] ON THE PSEUDO-
FIRST ORDER RATE CONSTANTS
{(Al [Glyoxylate] =5·0 x 10·3M; [Fe(CN):-] =5·0 x 10-4M;
temp.=35°; (B) [I'yruvate]=2'46xlO-3M; [Fe (e. ):-]
=5,0 x 10-oM; temp.=35°}
A
0·30
1·84
6·13
0·50
2·00
4·19
0·80
2'17
2·71
1'50
2'30
1·53
B
0·15
1'65
11·0
0·30
3'45
11·5
0'10
1'21
12·1
0'20
2·23
11·15
0·25
2-88
11'5
addition of ferrocyanide to the reaction mixture
had no effect on kl indicating that the slowest step
(1) is not reversible one.
Reductant+Fe(CN)63 ~ Oxidant+Fe(CN)ii' ... (1)
It. is su~gested that «-keto carboxylate (S) reacts
WIth OXIdant to give a reversible formation of a
complex (X). The complex further reacts with
9H- to g~ve a free radical (Y) and ferrocyanide
IOn accordmg to Eq. (3). The free radical further
picks up ferricyanide ion to give products of
oxidation (P*).
k!
S+Fe(CN)63~X ... (2)
k_.
k,
X+OH- --'J-Y +Fe(CN)t-
k.
Y + Fe(CN)(i3 ---+p* +Fe(CN):-
The rate of loss of oxidant is
- d[Fe~~N)63J = kHS] [Fe (CN) 63]-k-l [X]
+ks[YJ [Fe (CN)ii3] ... (5)
The rates of formation of complex and free radical
are
... (3)
... (4)
d:;;-J= k~[S][Fe(CN)63J -k1 [X]-k2[X][OH-] (6)
d~i] = k2[X] [OH-] -ks[Y][Fe(CN);j3] (7)
. Applying steady state approximations and con-
sidering that the rates of formation of complex
and free radical both equal to zero, Eq. (5) reduces to
d[Fe(CN)(i3J 2k~k2[S][Fe(CN)ii3J[OH-]
dt = k-l +k
2
[OH-] ... (8\
Eq. (8) may be rearranged to Eq. (9), where kl=
first order rate constant.
k _ 2kik2[S][OH-J
1- k_l +k
2
[OH-] ... (9)
The reciprocal of Eq. (9) may be written as
1 k-l _ 1
k1= 2kik.[S] [OH-] +2kaS] ... (10)
This suggests that a plot of 1/kl against l/[OH-]
would be linear making an intercept and this has
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Scheme 1
actually been observed in the oxidation of glyoxylate
ion. On the other hand, when k-l ';Pka. i.e. Eq. (3)
is the slowest, the Eq. (9) reduces to Eq. (11) which
is consistent with the observation made in the
oxidation of pyruvate ion.
k1= ~k~k2 [S][OH-] ... (11)k_l
The initial oxidation of glyoxalate to oxalate
ion possibly takes place through C-H bond fission
of the hydrated" glyoxylate ion. The further oxi-
dation of oxalate to CO2 takes place by the rupture
of C-C bond of oxalate ion. The oxidation of
glyoxylate ion, therefore, takes place according
to the reactions (12) and (13) and steps (12) and
(13) taking place to the extent of 80 and 20%
H-C=O
I +2Fe(CN);;s+30H- ~
COO-
COO-
I +2Fe(CN);'+2H20 ... (12)
COO-
H-C=0+4Fe(CN);;3+30H- -~
I
COO-
respectively, account for the observed stoichiometry
of 2·4. The stoichiometry 2·6 for the oxidation
of pyruvic acid can be explained on the basis of
reactions (14) and (15) and that these reactions are
taking place to the extent of 90 and 10%
respectively.
CHs-C=0+2Fe(CN)63+20H- -~
I
COO-
CHsCOO-+C02+2Fc(CN)6'+H20 ... (14)
CHs-C=0+8Fe(CN)6s+90W -~
I
COO-
coo- +C02 +8Fe(CN);;'+6H20 ... (15)
I
COO-
Scheme 1 gives a rational picture of the oxidation
of pyruvate to oxalate ion. The intermediates
have been hypothesized on the basis of the final
products.
The formation of acetate ion from pyruvate is
expected only when hydrated form of pyruvate
acts as a reducing substrates-v". On the other
hand, when pyruvate ion enolizes, one would expect
to get oxalic acid in the reaction mixture'".
References
1. DRUMMOND. A. Y. & WATERS, W. A., J. chem, Soc., (1955),
497.
2. LITTLER, J. S., Ph.D. thesis, University of Oxford,
England, 1960.
3. SEN GUPTA, K K, J. Indian chem, Soc., 41 (1964), 423.
4. SEN GUPTA, K. K. & SARKAR, T., Tetrahedron, 31
(1975), 123.
5. ALBERY, W. J., BELL, R. P. & POWEL, A. L., Trans.
Faraday Soc., 61 (1965), 1194.
6. BELL, R. P. & FLUENDY, M. A. D., Trans. Faraday Soc.,
59 (1968), 1923.
7. SPEAKMAN, P. T. & WATERS, W. A., J. chem, Soc.
(1955), 40.
8. STREHLOW, Z. Electrochem., 66 (1962), 392.
9. SEN GUPTA, K K & ADITYA, S., Analyt. chim, Acta,
29 (1963), 483.
10. EVANS, W. T. & WIZZERMAN, E. J., J. Am. chem, Soc .•
34 (1912), 1096.
585
